The dialysis uid ow and solute removal performance of newly developed dialyzers and a downsized dialyzer were evaluated using a dimensionless correlation equation related to the mass transfer coef cient of the dialysate-side lm in a mass transfer model, which was used in quantitative analyses in our previous study. The solute removal performance is greatly dependent on the dialysis uid ow for low molecular weight solutes. Hence, the recently developed dialyzers are based on new design concepts incorporating jackets or hollow bers that provide an evenly distributed ow. The new dialyzers tested were APS-15SA, PES-15Sαeco, PN-140S, and NV-15U. APS-15DSplus was used as a downsized version of the APS-15SA. The dialysate-side equivalent diameter d e is smaller in the APS-15DSplus than in the APS-15SA, while the other design speci cations are identical for these two devices. We measured vitamin B 12 clearance with the dialyzers operated at a blood-side ow rate Q B = 200 mL/min, dialysate-side ow rates Q D = 300-700 mL/min, and a net ltration rate Q F = 0 mL/min. We then calculated the overall mass transfer coef cient. Using this value, we derived the dimensionless correlation of the Sherwood number (Sh), which includes the dialysate-side lm mass transfer coef cient (k D ) and Reynolds number (Re D ). The exponent of Re D was approximately 0.5 for all the dialyzers. The newly developed dialyzers have various design features for improving dialysis uid ow. Unlike previous devices, the various new designs result in a convergence of performance. A comparison of APS-15SA and the downsized APS-15DSplus showed similar dependence of k D on Re D . This nding is novel and is attributed to the similarity in the relationship between dialysate-side uid ow and dialysate-side lm mass transfer in the two devices. In both dialyzers, the jacket has a full baf e and short taper structure, and the wave design of the hollow ber membranes is identical. However, d e was smaller in APS-15DSplus. Thus, analogous design concept employing the dimensionless correlation can be adopted for downsizing a device.
Introduction
The expectations from dialyzers have increased with recent developments in blood puri cation. Moreover, the number of home dialysis patients is increasing and there is a need to provide emergency medical treatment in times of disasters. Achieving both compact size and high performance has become a requirement for dialyzers, as is the case of other medical equipment [1] . However, downsizing a device may adversely affect its performance characteristics. Therefore, the relationship between dialysis uid ow and the planned design concept should be veri ed as being analogous to that of a conventional dialyzer before the design concept can be adopted.
The solute removal performance is greatly dependent on the dialysis uid ow [2] . Hence, the recently developed dialyzers are based on new design concepts incorporating jackets or hollow bers that provide an evenly distributed ow [3] [4] [5] . We previously reported the results of quantitative analyses of the dialysis uid ow and solute removal performance using mass transfer correlation equations [4] . The dimensionless correlation is related to the Sherwood number (Sh ≡ k D d e /D) and Reynolds number (Re ≡ d e uρ/μ) including the mass transfer coef cient of the dialysate-side lm (k D ) in a mass transfer model as well as the dialysate-side equivalent diameter (d e ), and has been used for evaluating the solute removal performance of a device from the viewpoint of design concept [2, 4] . New design elements including a jacket with a full baf e and short taper structure, and a new wave design for the hollow ber membranes have been introduced in new dialyzers to achieve a more even dialysis ow and better solute removal performance. The relationship between dialysis uid ow and the above-mentioned new design concepts can be veri ed [4, 5] .
In this study, we evaluated several newly developed dialyzers and a downsized dialyzer by quantitative analyses of the dialysis uid ow and solute removal performance using the mass transfer correlation equations that we reported previously. The downsized dialyzer was modi ed from a newly designed dialyzer, in which the hollow ber membrane was replaced by a thinner membrane, and the cross-sectional area S D of the dialysate ow path and the dialysate-side equivalent diameter d e were reduced.
We derived the exponent of the Re D number with respect to the Sh number, including the k D in the mass transfer model and the d e . We also compared the downsized dialyzer and its conventional version using the dimensionless correlation based on the mass transfer model.
Materials and Methods

Dialyzer
The newly developed dialyzers used in our study were APS-15SA (Asahi Kasei Medical Co., Ltd., Tokyo, Japan) [3] , PES-15Sαeco (Nipro Corporation, Osaka, Japan), PN-140S (Fresenius Medical Care Japan K.K., Tokyo, Japan/Nikkiso Co., Ltd., Tokyo, Japan), and NV-15U (Toray Industries, Inc.). Furthermore, the APS15DSplus (Asahi Kasei Medical Co., Ltd.) was used as a downsized version of the APS-15SA. The dialyzer speci cations are presented in Table 1 . The measured inner diameter of the jacket and effective length of the hollow ber are shown. The membrane area A, cross-sectional area S D of the dialysate ow path, dialysate ow velocity u D , and dialysate-side equivalent diameter d e were calculated using Equations (1) to (4), respectively.
Here, N is the number of hollow bers; Q is the dialysate ow rate; d h is the inner diameter of the jacket; and Δ is the membrane thickness.
The design concept drawings of the jacket shape are shown in Fig. 1 . The design elements include a full baf e and short taper structure for the APS-15SA and APS-15DSplus, and an interlocking pinnacle shape for the PN-140S. Moreover, all the devices are lled with wavy hollow bers. Compared to APS-15SA, the APS15DSplus has a thinner membrane, a jacket with smaller inner diameter d h , and a smaller dialysate-side uid path area. Hence, the dialysate-side equivalent diameter d e is smaller in the APS15DSplus than in the APS-15SA, while all the other design speci cations are identical for these two devices.
Mass transfer correlation equation
In mass transfer using a dialysis membrane, three resistances are connected in series: the blood-side lm, dialysis membrane, and dialysate-side lm. The overall mass transfer resistance is shown to be the sum of these resistances. When the mass transfer coefcients of the blood-and dialysate-side lms are represented by k B and k D , respectively, and the membrane diffusive permeability is represented by k M , the overall mass transfer coef cient K L can be expressed as shown in Equation (5).
The mass transfer coef cients k of the lm are generally estimated using the mass transfer equation shown in Equation (6), which was obtained in analogy with the heat transfer equation for a laminar ow in a straight tube (parallel ow) reported by Colburn [6] . According to this equation, k is proportional to the Reynolds number Re (≡duρ/μ) raised to the power of 1/3 [7] .
Here, Sh is the Sherwood number; Sc (≡μ/ρD) is the Schmidt number; d is the inner diameter of the hollow ber; u is the ow velocity; ρ is the solution density; μ is the solution viscosity; D is the solute diffusion coef cient; and L is the effective length of the hollow ber. In this analysis, Sh on the left-hand side of the equation represents the mass transfer rate, including the lm mass transfer coef cient (k D ) of the dialysate-side uid; Re on the right-hand side of the equation is the Reynolds number of the dialysis uid; Total protein was 6.0 ± 0.5 g/dl and transmembrane pressure (TMP) was 50 mmHg, in plasma. and Sc is the Schmidt number including the solute diffusivity. In other words, a quantitative assessment may be possible by connecting dialysate-side uid ow and mass transfer by a dialyzer design concept. In previous dialyzers, in which the dialysate-side ows were uneven, k D was reported to be proportional to Re raised to the power of 1.0 [2] , as shown in Equation (7).
Here, d e is the dialysate-side equivalent diameter, and Re is dened by d e . For the lm mass transfer coef cient of the region outside the capillaries in a ow that runs orthogonal to the capillary layer, the dimensionless correlation is obtained as shown in Equation (8) [8, 9] .
Moreover, for the abovementioned dialyzers, the dimensionless correlation can be obtained with Equation (9) [4] .
Equations (6)- (9) indicate that the relationship between k and Re depends on the physical situation of the uid-solid interfaces. In particular, the dialysis uid ow is more complicated in this geometry because of the close packing of the bers. k D is usually obtained from the overall mass transfer coef cient, which is calculated from the measured solute clearance using Equation (10) . This equation assumes no loss in the membrane surface area, and a uniform dialysis uid ow velocity and solute concentration across the dialyzer cross-section. Therefore, the ber-ber contact, nonuniform dialysis uid ow, and dialysis uid channeling lead to a decrease in the apparent k D . These phenomena, which are expected on the dialysis uid-side, can impact both the magnitude of k D and its dependence on the exponent x of Re D (Re D x ).
Dialysis experiment
To derive the mass transfer coef cient of the dialysate-side lm k D and exponent of the Re number, we measured vitamin B 12 (6 mg%, MW 1355) clearances at different dialysate-side ow rates. For a blood-side ow rate Q B of 200 mL/min and a net ltration rate Q F of 0 mL/min, the dialysate-side ow rates Q D of 300, 400, 500, 600, and 700 mL/min were tested. The vitamin B 12 concentration was calculated from the absorbance at the peak wavelength of 390 nm. The overall mass transfer coef cient K L was calculated from Equation (10) .
Here, C L is the clearance, and A is the membrane area. The mass balance error, %MBE, was calculated using Equation (11) , and the value of %MBE was less than 10% [10] .
Here, BI stands for the inlet at the blood side; BO the outlet at the blood side; and DO the outlet at the dialysate side.
Deriving mass transfer coef cient of dialysate-side and
Reynolds number exponent using Wilson plot The lm mass transfer coef cient k and ow speed u are related as shown in Equation (12) .
Therefore, when a dialysis experiment is conducted for a constant blood-side ow rate Q B and varying dialysate-side ow rates Q D , Equation (5) can be rewritten as shown in Equation (13) .
Here, a is a constant, and Re D is the dialysate-side Reynolds num- 
ber.
The measured values for K L were plotted on a graph, with 1/ K L on the vertical axis and the inverse of Re D raised to the x power(1/Re D x ) on the horizontal axis. This graph is the so-called Wilson plot. The exponent x for Re D was set such that the correlation coef cient became closer to one, thus aligning the plot with a straight regression line. Owing to the choice of the exponent, the extrapolated point of the line at Re D → ∞, i.e., the intercept at the vertical axis, 1/k B + 1/k M . Moreover, from the Wilson plot obtained, the mass transfer coef cient of the dialysate-side lm k D s for each ow rate (Re D ) was derived using Equation (5). Figure 2 shows the measured clearance C L and overall mass transfer coef cient K L . The devices in decreasing order of C L were NV-15U, APS-15DSplus, APS-15SA, PES-15Sαeco, and PN-140S. The APS-15DSplus and NV-15U had the largest K L . The other three dialyzers had similar K L , indicating that their mass transfer rates per unit membrane area were similar.
Results
The Wilson plot is shown in Fig. 3 . The derived Reynolds number exponent and the correlation coef cients between 1/K L and 1/Re D X for each dialyzer are listed in Table 2 . The correlation coef cients for the regression lines on the Wilson plot were 0.95, 0.96, 0.99, 0.99, and 0.94 for the ve dialyzers.
The dialysate-side lm mass transfer coef cient k D is shown in Fig. 4 . The devices in decreasing order of k D were PES-15Sαe-co, APS-15DSplus, APS-15SA, PN-140S, and NV-15U. 
Downsized dialyzer and dialysis mass transfer coefcients
Larger k D is associated with better dialysis uid ow. All the dialyzers had wavy hollow ber membranes. The APS-15DSplus and APS-15SA had a full baf e and short taper jacket structure, facilitating uniform dialysis uid ow. Another factor contributing to the uniform dialysis ow was the greater ease of ow of the dialysate in the central portion of the hollow ber bundle, i.e., improved uniformity of the dialysate ow and enhanced mass transfer.
A comparison of the APS-15SA with the downsized device APS-15DSplus showed that the dependence of k D on the Reynolds number was similar in both devices (Fig. 4) . This is a novel nding. This similarity in dependence of k D on the Reynolds number was attributed to the similarity in the relationship between the dialysate-side uid ow and the dialysate-side lm mass transfer in the two devices. Furthermore, both had identical exponent, and the relationship between Reynolds number for the dialysate-side uid ow and dialysate-side lm mass transfer coef cient was similar for APS-15SA and the downsized device APS-15DSplus. C L and K L were also higher in the APS-15DSplus than in the APS-15SA, as shown in Fig. 2 . This was due to an increase in membrane diffusive permeability k M , which was attributed to the thinner membrane. Thus, the intercept in Fig. 3 is lower for the APS-15DSplus.
Dialysate mass transfer coef cient and exponent of
Reynolds number in dimensionless correlation equation As described in Materials and Methods, the exponent of the Reynolds number is determined by the dialysate-side ow in a dialyzer. From our results, the exponent of the Reynolds number was approximately 0.5 for all the dialyzers, whereas the theoretical exponent of the Reynolds number was 1/3 for a laminar ow in a cylindrical pipe (parallel ow). The reason for this discrepancy is that the complex, non-parallel ow inside the dialyzer promotes the mass transfer, even though the Reynolds number range for the experimental ow rate is within 2 < Re D < 10 and the ow is thought to be laminar. For Re < 20, the ow is orthogonal in the evenly spaced hollow ber membranes, and the exponent of the Reynolds number was reported to be 0.47 [4] . The exponent obtained in this study implies that in the dialyzers we investigated, the orthogonal ow contributes more signi cantly to the mass transfer rate than does the parallel ow, and the development of such a complex uid ow leads to the improvement in the mass transfer.
Dialysate-side lm mass transfer coef cient k D , includ-
ing effects of internal ltration. The dialyzers used in this research were super-high ux dialyzers with high ltration coef cients, in which mass transfer is achieved by diffusion and ltration (convection). The mechanism of the lm formation in the vicinity of a membrane during membrane permeation is extremely complex [11] . Even when the net ltration rate Q F is set to 0 ml/min, the transfer of vitamin B 12 may be promoted because of the increased internal ltration rate associated with the increase in dialysate ow rate Q D . Therefore, the value of the dialysate-side lm mass transfer coef cient k D obtained in this study is an apparent number that accurately includes the effects of the internal ltration in the dialyzer.
On the other hand, we adopted the so-called Wilson plot method in this study because the transfer of vitamin B 12 is considered to be primarily due to diffusion. The Wilson plot assumes a 
laminar lm model, and the effects of the internal ltration on the dialysate-side lm and mass transfer coef cient in a dialyzer cannot be analyzed very accurately. Hardly any transfer occurs as a result of ltration, because substances ranging from urea (MW 60) and creatinine (MW 113) to the molecular weight equivalent of β 2 -microglobulin (MW 11800) have higher diffusion coefcients [12, 13] . Thus, the transfer of vitamin B 12 (MW 1355) is also considered to be primarily due to diffusion. Even in the presence of myoglobin (MW 17000), which has a larger molecular weight than vitamin B 12 , transfer due to ltration is estimated to constitute about 5% of the total transfer, for a dialyzer equivalent to the APS-15SA at Q F = 0 ml/min [14] . A comparison of the APS-15SA and the downsized APS15DSplus showed similar dependence of k D on the Reynolds number in both dialyzers. It was because the effects of the internal ltration on the dialysate-side lm and mass transfer coef cient in a dialyzer must be analyzed very accurately, it must be emphasized that this was also because the relationship between the dialysate-side uid ow and the internal ltration in the dialyzers was analogous.
The devices in decreasing order of k D are PES-15Sαeco, APS-15DSplus, APS-15SA, PN-140S, and NV-15U in Fig. 4(a) . This order may be explained by the complex effects of jacket shape, wavy hollow ber membrane design, and ltration coefcient of the dialyzers.
Conclusion
Using the mass transfer model, we established the analogy between a newly developed dialyzer and its downsized version in terms of the dimensionless relationship between Reynolds number of the dialysate ow and dialysate-side mass transfer coefcient from the viewpoint of the design concept. Thus, analogous design concept employing the dimensionless correlation can be adopted for downsizing a device.
